Background--Type 2 diabetes mellitus is closely associated with metabolic risk factors that all contribute to impairment of the left ventricle. The implications of having type 2 diabetes mellitus with well-controlled metabolic risk factors compared to an increasing burden of uncontrolled metabolic risk factors on left ventricular structure and function are not known.
A dominant feature of type 2 diabetes mellitus (T2D) is its association with the metabolic syndrome, which in the World Health Organization definition includes, beyond insulin resistance, the metabolic risk factors obesity, hypertension, increased triglycerides and high-density lipoprotein (HDL)-cholesterol, and albuminuria. Although there is firm evidence of an increased risk of cardiovascular disease in patients with metabolic syndrome, [1] [2] [3] there has been a strong debate about whether this is beyond the sum of the contributions of each of the metabolic risk factors that constitute the syndrome. 4 There is a clear association between the metabolic risk factors diabetes mellitus, [5] [6] [7] obesity, 8 hypertension 9,10 and albuminuria 11 and the risk of developing heart failure (HF). However, whether dyslipidemia is associated with HF is less well elucidated. Nevertheless, in a recent study including 113 554 individuals from the general population, increasing nonfasting triglyceride was associated with a stepwise increase in the risk of developing HF. 12 These findings suggest a relationship between dyslipidemia and the risk of HF. Hence, evidence indicates that all of the metabolic risk factors in the World Health Organization definition of the metabolic syndrome are associated with an increased risk of developing HF. For patients with T2D, a distinct effect of diabetes mellitus on the myocardium, the diabetic cardiomyopathy, has been suggested and characterized by a number of previous studies. They have demonstrated that patients with diabetes mellitus have increased left ventricular wall thicknesses, left ventricular hypertrophy, [13] [14] [15] and both decreased systolic and diastolic function. [16] [17] [18] [19] [20] [21] We have previously shown that these changes were amplified with increasing duration of T2D, supporting the suggested causal relationship between T2D and left ventricular (LV) remodeling and functional measures. 22 However, because of the marked association between metabolic risk factors and diabetes mellitus, and because both hypertension and obesity have been closely associated with changes in cardiac mechanics, the direct effect of diabetes mellitus on the myocardium is difficult to discern from the effect of the coexisting metabolic risk factors. The aim of the present study was to examine the association of the burden of uncontrolled metabolic risk factors with LV structure and function in patients with T2D receiving multifactorial treatment compared to a nondiabetic control group without or with well-controlled metabolic risk factors. Previously, we demonstrated an association between triglyceride level 23 and microalbuminuria 24 and LV remodeling and function in this population. Therefore, our aim here was in addition to examine this association with the remainder of the metabolic risk factors: obesity, hypertension, hemoglobin A 1c (HbA 1c ), and HDL-cholesterol levels.
Methods
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. However, researchers may request specific data and study materials for the purpose of reproducing the results by contacting the corresponding author.
Study Population
The Thousand&2 study recruited patients with T2D from 2 large, secondary care centers in Copenhagen, the Capital Region, Denmark: Steno Diabetes Center and Center for Diabetes Research, Gentofte Hospital. Details on study inclusion and study visit have been published previously. 24, 25 In brief, a total of 2158 patients were invited and 1030 participated in the study. Before attending the examination the patients filled out a questionnaire with information on current medication, previous heart disease (myocardial infarction, percutaneous coronary intervention, coronary artery bypass grafting, congestive heart failure, and atrial fibrillation), previous stroke and peripheral artery disease, family history of coronary heart disease, smoking habits, height, and weight. The questionnaire was reviewed with the patient at the study visit by P.G.J. 2 ) based on self-reported measurements.
Patients with atrial fibrillation during the echocardiographic examination, more than moderate valve disease, and/or previous heart valve surgery were excluded (n=96). Also, for the analyses of numbers of metabolic risk factors and relation to LV structure and function, patients with incomplete information on BMI, systolic blood pressure, HbA 1c , HDLcholesterol, triglyceride levels, or albuminuria status were excluded (n=183).
The study was conducted in accordance with the Declaration of Helsinki, approved by The Danish National Committee on Biomedical Research Ethics, amendment to protocol no. H-3-2009-139. 26 All participants gave written informed consent.
The control group consisted of a sample of people from the Copenhagen City Heart Study, a prospective cohort study of cardiovascular risk factors in patients from the general population. Details on the sampling have been published previously. 22 In brief, patients from the Thousand&2 study were randomly matched 4:1 on age, sex, and systolic blood pressure with people from the Copenhagen City Heart Study without diabetes mellitus (n=252). The metabolic risk factors were measured in all patients with the exception of the presence of albuminuria. From the control group, people with known heart disease, atrial fibrillation at the time of the echocardiographic exam, or presence of any of the metabolic risk factors as defined above were excluded (n=172). Hence, the control group consisted of 80 people without diabetes mellitus, known heart disease, or any of the metabolic risk
Clinical Perspective
What Is New?
• Even with well-controlled metabolic risk factors there is evidence of diastolic but not systolic or structural cardiac impairment in patients with type 2 diabetes mellitus.
• With increasing burden of metabolic risk factors, the risk of further cardiac impairment increases in patients with type 2 diabetes mellitus.
What Are the Clinical Implications?
• Patients with type 2 diabetes mellitus should be considered for echocardiography even when the metabolic risk factors are well controlled.
• In assessing patients with type 2 diabetes mellitus, the risk of cardiac impairment is higher in patients with concomitant uncontrolled metabolic risk factors.
factors. A flow chart of the derivation of the study population is provided in Figure 1 .
Metabolic Risk Factors
According to the World Health Orgnization definition of the metabolic syndrome, 27 the metabolic risk factors constitute T2D or impaired fasting glucose, impaired glucose tolerance, increased systolic or diastolic blood pressure or antihypertensive treatment, elevated plasma triglycerides, HDL levels, increased BMI or waist:hip ratio, and presence of albuminuria. Accordingly, we regarded metabolic risk factors as uncontrolled when systolic blood pressure was >140 mm Hg, body mass index was >30 kg/m 2 , HbA 1c was >48 mmol/L, HDLcholesterol was <1.0 mmol/L for women and <0.9 mmol/L for men, triglyceride was >1.7 mmol/L, and in the presence of micro-or macroalbuminuria.
Biochemistry
Lipid levels, HbA 1c , and creatinine were obtained from routine blood tests performed at either Steno Diabetes Center or the Center for Diabetes Research, Herlev and Gentofte Hospital. Urine albumin/creatinine ratio and/or 24-hour urine albumin excretion rate are evaluated at least annually at both centers. Microalbuminuria was defined as a urine albumin/creatinine ratio between 30 and 300 mg/g or urine albumin excretion rate between 30 and 300 mg/day, and macroalbuminuria as a urine albumin/creatinine ratio above 300 mg/g or urine albumin excretion rate above 300 mg/day on 2 consecutive measurements.
Echocardiography
Details on the echocardiographic examinations have been published previously. [22] [23] [24] [25] In brief, chamber quantification was done in accordance with the recommendations of the European Association of Echocardiography and the American Society of Echocardiography. 28 LV mass was indexed according to height, 27 which was chosen in line with our previous studies. Sphericity index was calculated in end-diastole as LV length in an apical 4-chamber view/left ventricular internal diameter in a parasternal long-axis view. LV ejection fraction was measured with the Simpson biplane method, and reduced ejection fraction was defined as an LV ejection fraction <50%. 2-Dimensional speckle tracking was performed using GE EchoPAC software, BT13. Midmyocardial global strain provided by the software algorithm was used for both longitudinal and circumferential strain. Global longitudinal strain (GLS) was the mean value of the GLS from all 3 standard projections. Global circumferential strain (GCS) was measured at the level of the papillary muscle. Strain rate was the rate of these deformations in either longitudinal or circumferential directions and measured in seconds -1 .
People from the Copenhagen City Heart study were examined with the same echocardiographic protocol as patients in the Thousand&2 study using Vivid E9 (GE Vingmed Ultrasound, Horten, Norway).
Statistical Analysis
Continuous variables are presented as mean (SD)/median (interquartile range) and compared using Welsh t tests or 1-way analysis of variance/Mann-Whitney U tests or KruskallWallis tests where appropriate. Categorical values are presented as number (percentage) and compared using chisquared tests. Systolic blood pressure, BMI, HbA 1c , and HDLcholesterol were nonnormally distributed and transformed using the binary logarithm (log 2 ), after which they were normally distributed. Association of these and echocardiographic measures were examined using linear regression models. P-values less than 0.05 on 2-sided tests were Figure 1 . Flowchart of the derivation of the study sample. considered significant. Statistics were performed using R for Mac, version 3.4.2 (R Project for Statistical Computing, Vienna University of Economics and Business Administration, Vienna, Austria).
Results
We identified 751 patients from the diabetes mellitus cohort with all metabolic risk factors measured. The distribution of uncontrolled metabolic risk factors among the patients with T2D is found in Table 1 . We identified 57 patients without any or all well-controlled metabolic risk factors after aggressive multifactorial treatment. Of these, 14% received b-blockers, 21% angiotensin-converting enzyme inhibitors, 32% angiotensin II receptor blockers, and 28% calcium antagonists. Also, 72% received metformin, 10% to 21% received other antidiabetic treatment, and 86% received statins.
Patients from the diabetes mellitus group were further divided into categories with, respectively, 0 (n=57), 1 to 2 (n=349), and ≥3 (n=345) uncontrolled metabolic risk factors and compared with the control group (n=80). The population demographics after this subdivision are shown in Table 2 . Compared to the control group, patients with T2D were of similar age and sex regardless of the presence of uncontrolled metabolic risk factors. Blood pressure, both systolic and diastolic, was insignificantly higher in patients with T2D compared to the control group but was significantly higher in patients with T2D with any uncontrolled metabolic risk factor present. Similar results were seen with for triglyceride levels, but there were significantly higher BMI and lower LDL-and HDL-cholesterol in all patients with T2D compared with the control group. Patients with T2D were more often treated with antihypertensive drugs, diuretics, and statins regardless of the presence of uncontrolled metabolic risk factors compared with the control group.
Association of Burden of Uncontrolled Metabolic Risk Factors and Echocardiographic Findings
The associations of numbers of uncontrolled metabolic risk factors and echocardiographic findings are found in Table 3 . There was a highly significant difference between the control group, patients with 0, 1 to 2, and ≥3 uncontrolled metabolic risk factors, and all the structural and diastolic findings except LV end-diastolic diameter and left atrial volume index. The association was less pronounced in the systolic measures because this was only the case for the proportion with LV ejection fraction <50% and GLS. Thus, GLS rate, GCS, and GCS rate were not affected by an increasing number of uncontrolled metabolic risk factors present.
When the control group is compared with the patients with T2D without any uncontrolled metabolic risk factor present, there were no significant differences in any structural or systolic measure, but there was clear evidence of reduced diastolic function expressed as decreased lateral and septal early diastolic myocardial velocity at the level of the mitral annulus and (early diastolic mitral inflow velocity)/(early diastolic myocardial velocity at the level of the mitral annulus), (early diastolic mitral inflow velocity)/(atrial diastolic mitral inflow velocity) ratio, and increased peak early and atrial diastolic mitral inflow velocities. With increasing numbers of uncontrolled metabolic risk factors present, there was increasing evidence of both structural remodeling with increasing LV wall thicknesses and relative wall thicknesses but no changes in LV end-diastolic diameter or left atrial volume index. Regarding diastolic measures, there was an increase in diastolic dysfunction with increasing number of uncontrolled metabolic risk factors present. With respect to the systolic measures, GLS was decreased when ≥1 uncontrolled risk factor was present and more so when ≥3 were present, and GLS rate was not affected unless ≥3 uncontrolled risk factors were present. There were no differences in Regarding diastolic measures, they were consistently associated with systolic blood pressure and BMI, in particular evidence of elevated filling pressures expressed as (early diastolic mitral inflow velocity)/(early diastolic myocardial velocity at the level of the mitral annulus) and decreased LV relaxation expressed as lateral early diastolic myocardial velocity at the level of the mitral annulus. On the other hand, there was no consistent pattern of association between either HbA 1c or HDL-cholesterol and diastolic measures. For the systolic measures, all metabolic risk factors were univariably associated with GLS, but after adjustment for the other metabolic risk factors, there was a significant association only with BMI. Interestingly, after adjusting, where BMI was associated with both GLS and GCS and not their corresponding rates, the opposite was the case for systolic blood pressure. Other than that, there was no clear pattern of associations between either and the systolic LV measures except LV ejection fraction, which increased with HDL-cholesterol in both uni-and multivariable analyses.
Discussion
The primary findings in this study were that in patients with T2D with well-controlled metabolic risk factors, there was evidence of cardiac impairment characterized only by diastolic dysfunction with neither structural changes nor systolic dysfunction. Furthermore, with an increasing number of uncontrolled metabolic risk factors present, there was also a progressive impairment of LV structure and LV systolic (longitudinal) function. Hence, despite reaching treatment goals in patients with T2D and eliminating the contribution of the metabolic risk factors, we were still able to identify an effect on the myocardium characterized only by impaired diastolic functional measures. 
Metabolic Risk Factors and LV Structure and Function in T2D
We found that in patients with well-controlled metabolic risk factors there was no evidence of structural or systolic impairment of the LV. This is in contrast to previous studies that have demonstrated the presence of both structural and systolic in addition to diastolic impairment in patients with T2D. The Strong Heart Study demonstrated increased LV wall thicknesses, LV mass index, and decreased fractional shortening in a population of American Indians with a high prevalence of T2D. 14 The same tendency was found in hypertensive patients in the HyperGEN study, in which T2D was associated with increased LV mass and wall thicknesses, 15 and in the ARIC study, in which increasing levels of HbA 1c were associated with LV mass, wall thicknesses, GLS, and diastolic measures including septal and lateral early diastolic myocardial velocity at the level of the mitral annulus and (early diastolic mitral inflow velocity)/(early diastolic myocardial velocity at the level of the mitral annulus). 29 Additionally, Ernande et al compared 144 patients with T2D without cardiac disease with 88 healthy controls without T2D, hypertension, low levels of total and LDL-cholesterol, high levels of HDL-cholesterol, and normal renal function and found that T2D was associated with decreased systolic function expressed as radial and longitudinal strain and strain rate. 18 The same group also concluded in a different analysis that the deformation changes were closely associated with increased LV wall thicknesses associated with T2D. 19 Common among these studies is that there were differences between the compared groups regarding BMI (Strong, ARIC, HyperGEN, and Ernande), systolic blood pressure (Strong, HyperGEN, and Ernande), and lipid levels (ARIC, HyperGEN, and Ernande), and although adjusted models were constructed, the complex interaction of obesity, blood pressure, and lipid levels is difficult to examine fully in any of these cohorts. Hence, our study indicates that the presence of other metabolic risk factors in T2D accounts for the structural changes found in T2D and possibly therefore for the changes in systolic function as suggested in the abovementioned study by Ernande et al. 19 Thus, our findings suggest that the previously found effect of diabetes mellitus on LV structural and systolic function may have been caused by the presence of confounding, concomitant metabolic risk factors. Recently, this complex interaction was addressed in a study that suggested cardiac phenotypes in patients with T2D. This was based on cluster analysis and found that obesity and hypertension were particularly associated with worse prognosis in women, whereas in the case of men this was seen with LV hypertrophy and systolic dysfunction. 30 Surprisingly, there was no association of left atrial size and increasing burden of uncontrolled metabolic risk factors. This is contradictory to what we would expect because of the strong association of the burden of uncontrolled metabolic risk factors and diastolic dysfunction. Our results suggest that left atrial size was influenced by other unmeasured confounding factors in this population. 
Metabolic Syndrome and LV Mechanics
In this study we confirmed the association of systolic blood pressure, BMI, and HbA 1c with LV structure and function. Also, we found an undescribed but also rather inconsistent association of HDL-cholesterol and LV structure and function. Previous studies have established a close relation between hypertension, obesity, and HbA 1c and LV structure and function. The association of hypertension and LV hypertrophy is 1 of the earliest described in cardiology and is caused by pressure overload of the LV. 9 When present, LV hypertrophy is closely related to prognosis whether detected by electrocardiography, 31 echocardiography, 32 or magnetic resonance imaging, 33 and regression of LV hypertrophy in serial ECGs has also been linked to improved prognosis. 34, 35 In obesity, there is a strong association of both diastolic and systolic dysfunction that seems to be related to obesity severity, 36 and regarding dysglycemia, a close relationship of HbA 1c with LV mechanics exists even in elderly patients without overt diabetes mellitus. 29 The same is the case for low-grade states of albuminuria. 37 Thus, we have previously described a close association of LV structure and function with both microalbuminuria and increasing levels of triglycerides in this cohort, 23, 24 and there is convincing evidence that all components of the metabolic syndrome have an impact on the myocardium.
Strengths and Limitations
The strength of this study is the size of the cohort, which enables stratification of patients in groups with increasing burden of uncontrolled metabolic risk factors present (except that only 12 patients had all metabolic risk factors uncontrolled). In addition, all patients and the control group underwent comprehensive echocardiography. Some limitations of this study must be acknowledged. A hallmark of the metabolic syndrome is increased waist circumference, which was not measured in this study, and thus, BMI was used as the only measure of obesity. Albuminuria was not assessed in the control group, and we were not able to exclude people with this metabolic risk factor from the control group. Another limitation is that only patients from specialized diabetes mellitus clinics were included in the study, thus limiting the interpretability to T2D patients followed in primary care. Although the presented diastolic measures are the most commonly used, other diastolic measurements, including strain rate during isovolumetric relaxation and ratio of early diastolic mitral inflow velocity and strain rate during isovolumetric relaxation, 38 may be more sensitive markers of diastolic dysfunction and were not measured in this cohort. In addition, we were not able to evaluate the association of biomarkers of cardiac function, in particular NT-pro-brain natriuretic peptide. Also, HDL functionality, eg, macrophage cholesterol efflux, which is considered to be the main determinant of the beneficial effect of HDL-cholesterol, was not measured. 39 Finally, because this is an observational study, no inferences on causality can be drawn from the data.
Conclusion
In this study we have shown that patients with T2D and wellcontrolled metabolic risk factors had impaired diastolic function but preserved LV structure and systolic function. This was in contrast to previous studies that had not excluded patients with present metabolic risk factors. Because the burden of uncontrolled metabolic risk factors increased, increasing LV structural and systolic changes emerged, further indicating that these changes are predominantly caused by an effect of concomitant metabolic risk factors.
